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Bio-based  approaches  to  inorganic  material 
synthesis 

M.M.  Tomczak,  ].M,  Slocik,  M.Q.  Stone  and  R.R,  Naik1 

Materials  and  Manufacturing  Directorate.  Air  Force  fiesearch  laboratory,  Wright -Pa  tier  son  AF6,  OH  45433.  USA 


Abstract 

Nature  is  an  exquisite  designer  of  inorganic  materials  using  biomoleeules  as  templates.  Diatoms  create 
intricate  silica  wail  structures  with  fine  features  using  the  protein  family  of  silaffins  as  templates.  Marine 
sponges  create  silica  spicules  also  using  proteins,  termed  silicateins,  in  recent  years,  our  group  and  others 
have  used  bio  molecules  as  templates  for  the  deposition  of  inorganic  materials.  In  contrast  with  the 
traditional  materials  science  approach,  which  requires  high  heat,  extreme  pH  and  non-aqueous  solutions, 
the  bio- based  approaches  allow  the  reactions  to  proceed  usually  at  near  ambient  conditions.  Addition¬ 
ally,  the  biological  templates  allow  for  the  control  of  the  inorganic  nanoparticle  morphology.  The  use  of 
peptides  and  biomolecules  for  temp  Idling  and  assembling  inorganics  will  be  discussed  here. 


Bio-inorganic  materials  in  Nature 

There  are  examples  throughout  Nature  of  organisms 
utilizing  proteins  and  other  biomolecules  to  create  inorganic 
structures,  such  as  bone,  shell,  diatom  cell  walls  and  sponge 
spicules.  These  structures  generally  are  formed  at  ambient 
conditions  and  near  neutral  pH,  We 1 1 -studied  examples 
include  the  silaffm  family  of  proteins  from  diatoms.  These 
proteins  have  been  shown  to  be  involved  in  silica  deposition 
in  diatoms,  and  have  been  isolated  from  diatoms  to  show 
that  they'  template  silica  deposition  in  vitro  [1].  Similarly,  a 
different  family  of  pro  terns,  the  sihcatems,  has  been  found  in 
marine  sponges  that  template  the  formation  of  silica  spicules 
[2j.  Both  of  these  protein  families  are  being  dissected  to 
determine  what  roles  the  different  members  play  in  the 
deposition  and  shape  oi  the  resulting  inorganic  structures. 
Another  example  of  silica  deposition  in  Nature  comes 
from  the  interaction  of  amorphous  silica  in  grasses  with  a 
plant  pathogen.  In  this  case,  there  is  a  biotransformation  of 
naturally  occurring,  amorphous  silica  into  crystalline  silica 
nanoparticles.  This  process  involves  the  fungus  and  plant 
pathogen  Fttsarium  oxysporum  acting  on  amorphous  silica  in 
rice  husks  to  transform  it  into  crystalline  silica  nanopar tides 
after  24  h  at  room  temperature  [3],  Specific  cationic  proteins 
from  F.  oxyspornm  were  found  to  be  associated  with  the 
crystalline  silica  after  the  reaction  occurred.  However,  these 
cationic  proteins  alone  did  not  induce  crystalline  silica 
formation  from  the  amorphous  silica  precursor  [3].  Clearly 
there  must  be  other  components  from  the  fungus  that  play 
a  role  in  templating  or  ordering  the  silica  into  the  crystalline 
form. 


Key  wtxdi:  bm- baiied  abroach,  b'lemolerjlc  fjold  nanoparlde,  inorganic  material  ^ynlhesiy 
poty{i  -lysine),  silifri. 
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Biotemplates  for  inorganic  nanomaterials 

Based  on  thefindings  from  Nature,  many  groups  have  studied 
the  UsSe  of  naturally  occurring  proteins,  domains  of  those 
proteins  or  analogous  proteins  (i.e,  with  similar  pi  or  amino 
acid  composition)  to  template  inorganic  materials.  One  suc¬ 
cessful  approach  has  been  the  use  of  R5  peptide,  which  is  the 
fifth  repeating  peptide  unit,  of  the  sikffin  polypeptide  si  lip, 
to  template  both  silica  as  well  as  titanium  nanopartieles  from 
their  precursor  solutions  [4-6],  The  studies  with  R 5  have 
shown  that  this  19-ammo-acid  peptide  is  incorporated  into 
the  silica  matrix  as  it  is  templated*  This  finding  led  to  the 
successful  co-encapsulation  of  enzymes  and  other  nanop ar¬ 
ticles  into  the  porous  silica  matrix  when  R5  is  used  as  the 
template  [5],  When  encapsulated,  the  enzymes  are  as  active 
as  in  the  tree  state  but  have  increased  stability  against  dehyd¬ 
ration,  heating  and  storage  at  room  temperature  [4,5].  By 
incorporating  a  magnetic  nanoparticle  into  the  silica  matrix, 
the  particles  can  be  separated  from  the  bulk  solution  simply 
by  applying  a  magnetic  held.  This  opens  the  door  for  multi¬ 
functional  systems  composed  of  an  R5-templated  silica 
matrix  into  wrhich  are  incorporated  both  an  enzyme  and  a 
magnetic  nanoparticle  [5].  This  multifunctional  system  could 
be  used  for  mobile  decontamination  of  water  supplies,  for 
example,  by  encapsulating  an  enzyme  that  would  neutralize 
the  contaminant  and  then  be  removed  from  the  bulk  by 
applying  a  magnetic  field  to  the  solution. 

For  a  number  of  years  poly(L-lysinc)  has  been  known  to 
precipitate  silica  [7-9],  However,  more  recently  it  has  been 
found  that  different  lengths  of  poly(L-lysinc)  result  in  differ¬ 
ent  shapes  of  silica  (Figure  1),  Chains  with  fewer  than  100 
lysine  residues  induce  spherical  silica  structures  to  form  after 
reacting  with  the  silicic  acid  precursor.  However,  with  greater 
than  1 00  lysine  residues,  hexagonal  silica  platelets  are  formed 
[10].  The  underlying  mechanism  of  action  of  this  dramatic 
change  in  morphology  is  based  on  a  change  in  the  secondary 
structure  of  poly(L-lys.ine)  polypeptide  from  random  coil 
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Figure  1 1  The  effect  of  biopolymer  chain  length  on  silica 
morphology 

Silica  structures  formed  with  different  chain  lengths  of  poly(L -lysine). 
Scale  Dar,  2  ^m. 


to  a -helix  in  the  presence  of  silicic  acid  with  poly  (L-ly  sine) 
with  greater  than  100  residues.  The  shorter  chain  lengths 
do  not  exhibit  any  structural  transitions  and  give  rise  to 
spherical  silica  particles  [10]*  These  results  show  that  by 
modifying  the  biopolymer  chain  length,  tuning  of  the  result¬ 
ing  Inorganic  morphology  is  possible.  This  is  one  of  the  key 
advantages  of  using  biomolecules  as  templates  for  inorganic 
synthesis:  the  biomolcculcs  can  be  tailored  specifically  to 
achieve  the  desired  nanostructure. 

Another  example  of  using  a  biotcmplate  to  control  mor¬ 
phology  is  in  the  case  of  ZnO  synthesis.  We  have  identified  a 
peptide  named  ZnOl  from  a  phage  peptide  library  that  binds 
to  ZnO  nanoparticles*  Addition  of  the  ZnOl  peptide  with 
zinc  nitrate  and  hcxamethyltetramine  resulted  in  the  forma¬ 
tion  of  ZnO  hexagonal  platelets  in  solution  (M*M.  Tomczak 
and  R,R.  Naik,  unpublished  work).  In  contrast,  the  control 
sample  without  ZnOl  peptide  contains  mainly  elongated 
hexagonal  rods.  These  results  indicate  that  the  ZnOl  peptide 
inhibits  growth  along  the  c-axis  face  of  the  ZnO  crystal. 
By  exploiting  interactions  such  as  this,  the  ability  to  form 
nanostructures  of  desired  shape  and  size  using  tailored 
biomolecules  is  possible. 

More  recently,  peptides  have  been  used  in  the  synthesis 
of  more  complex  materials.  An  example  of  this  is  the  room 
temperature  formation  of  calcium  molybdate  (CaMoO+) 
using  a  peptide  termed  CM 4,  which  was  identified  through 
phage  display  ft  1].  The  findings  show  that  the  resulting 
CaMoO-t  is  crystalline  and  photolumincscent.  This  is  the 
first  literature  report  of  a  peptide  that  templates  a  crystalline 
multicomponent  oxide  at  ambient  conditions*  Crystal¬ 
line  multicomponent  oxides  are  important  components  of 
functional  devices  and  their  room  temperature  synthesis  using 
a  method  such  as  that  described  by  Ahmad  et  al*  [II]  poten¬ 
tially  decreases  both  the  cost  and  time  involved  in  synthesis. 

Peptide-mediated  synthesis  of  gold 

Peptides  represent  a  significant  component  in  gold  nano- 
particle  synthesis  given  their  ability  to  control  all  aspects 
of  synthesis  including  the  reduction  of  gold  salt  precursor 
[12-16],  while  also  providing  a  highly  active  surface  for  bio- 
recognition,  catalysis  and  assembly  [16,17].  Recently,  it  has 
been  demonstrated  that  tyrosine  plays  a  fundamental  role 
in  the  reduction  of  Au3+  to  Au°  by  a  number  of  tyrosine- 
containing  peptides,  but  most  are  limited  to  simple  dipep¬ 


tides  and  tri  pep  tides  [12-16],  Unfortunately,  each  peptide 
produces  gold  nanoparticles  of  various  sizes,  morphology 
and  irregularity,  and,  as  a  result,  there  is  little  correlation 
between  sequence  and  properties  beyond  simply  containing 
a  tyrosine  residue. 

The  A3  peptide,  identified  through  phage  display,  and 
found  to  contain  a  positionally  isolated  tyrosine  residue, 
exhibits  good  gold  reduction  activity  and  forms  nearly 
monodisperse  particles  stable  in  solution  for  months  [16]* 
Consequently,  given  its  propensity  for  gold  formation,  A3 
represents  a  good  model  sequence  to  examine  the  effects  of 
amino  acid  substitutions  on  gold  synthesis  and  as  a  means  to 
tailor  nanoparticle  characteristics.  We  examined  five  different 
variants  of  the  A3  peptide  which  addressed  substitution, 
deletion,  rearrangement  and  scrambling  of  key  residues 
within  the  sequence.  More  specifically,  these  involved  the  sub¬ 
stitution  of  tyrosine  with  a  serine  residue  (A3-S),  the  exchange 
of  tyrosine  and  methionine  residues  (A3-X),  replacement  of 
methionine  with  an  alanine  (A3-A),  replacement  of  serines 
with  prolines  (A3-P)  and  scrambling  of  the  sequence  (A3- 
W)  (Table  1).  These  peptide  variants  were  then  tested  for 
gold  nano  particle  binding  affinity,  gold  reduction  activity, 
nanoparticle  size  and  dispersity.  The  peptide  variants  were 
screened  for  binding  against  gold  nanopanicles  using  a 
fluorescencc-bascd  assay.  Analysis  of  gold  binding  showed 
that  the  A3 -A  peptide  (alanine-substituted)  exhibited  the 
largest  affinity  for  gold,  while  A3-P  (proline- substituted) 
showed  almost  no  binding.  This  suggests  chat  replacement 
of  methionine  with  an  alanine  might  enhance  nanoparticle 
binding,  but  the  removal  of  serine  residues  severely  reduces 
affinity  of  the  peptide.  The  remaining  peptides  (A3-S,  A3-X 
and  A3-W)  revealed  moderate  binding  to  gold,  in  addition  to 
possessing  equal  binding  affinities  across  the  group  regardless 
of  the  modification  (Table  1 ).  Rased  on  these  results,  it  appears 
that  the  hydroxy  groups  are  required  for  strong  binding  to 
the  gold  nanoparticle  surface.  This  observation  is  further 
supported  by  the  work  of  Sarikaya  and  co-workers  [18] 
who  have  demonstrated  that  peptides  that  contain  serine  and 
threonine  bind  more  tightly  to  gold  surfaces. 

In  addition  to  nanoparticle  binding,  the  mutant  peptides 
rapidly  reduced  Au1+  to  Auc*  Upon  addition  of  Au54,  the 
solution  immediately  turned  red  in  appearance  and  yielded  a 
plasmon  resonance  characteristic  of  gold  by  UV-visual  spec¬ 
troscopy  with  the  exception  of  the  tyrosine- deleted  A3-S  pep¬ 
tide.  This  is  consistent  with  gold  reduction  by  other  tyrosine- 
containing  templates  [14,19].  The  resulting  nanoparticles 
with  the  mutant  peptides  showed  slightly  shifted  plasmon 
resonance  peaks  from  the  parent  A3  peptide  (Table  t),  but 
an  overall  similarity  among  the  spectra.  In  contrast,  nano- 
particles  synthesized  using  the  A3-W  peptide  (scrambled 
sequence)  had  a  broadened  plasmon  peak  shifted  to  538  nm 
and  featured  a  shoulder  at  approx.  650  nm  (Figure  2)* 

The  pep  tide- synthesized  nanoparticles  were  characterized 
by  TEM  (transmission  electron  microscopy)  and  sediment¬ 
ation  on  a  sucrose  gradient  using  a  CPS  (centrifuge  particle 
size)  disc  analyser.  CPS  analysis  serves  as  a  complement¬ 
ary  characterization  tool  to  TEM  by  providing  a  statistical 
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Table  t  j  Nanoparticle  properties  with  modified  A3  peptides 

IMA,  not  applicable;  NP,  nanopartide 


Au- peptide  NP 

Sequence 

Au  NP  binding 

Absorbance  (nm) 

TEM  Au  NP  size  (nm) 

CPS  Au  NPf  size  (nm) 

A3 

AYSSGAPPMPPf 

“1 

523 

12.8  ±2.9 

8.6  ±0.8 

A3-S 

ASSSGAPPMPPF 

NA 

MA 

NA 

NA 

A3'X 

AMS  S  GAPPY  PPF 

9.6  =  3.5 

521 

12,9  ±2,8 

8.4  ±1.0 

A3-A 

AYSSGAPPAPPF 

16.1  ±3.8 

52/ 

8.3  ±3.6 

12,6  ±1.9 

A3-P 

AYPPGAPPiViPPF 

1.6  ±  1.0 

522 

9.1x6. 4 

20.4  ±  5.1 

A3W 

PSPGSAYAPFPM 

9.9  ±  3  9 

538 

13,6  ±3,1 

18  9  ±3.3 

^Percentage  binding  was  determined  by  difference  in  fluorescence  of  tyrosine  =  2/0  nm/Aem  =  303  nm)  with  three  different  samples.  Peptide 
was  incubated  with  30  nm  gold  colloids  (s  gma)  for  2  h. 

|5izes  were  determined  using  a  CPS  disc  analyser  and  calibrated  for  each  sample  using  a  377  nm  PVC  [poiy(vinyf  chloride)]  standard. 

^Percentage  binding  was  indeterminate  due  to  low  peptide  concentration  used  tor  A3 


Figure  2 1  Biosynthesis  of  gold  nanopartkles  using  peptides 

(A)  UV-visual  spectra  ot  gold  nanopactides  synthesized  using  the  various  peptides  and  (B)  the  size  distribution  based  on 
centrifugal  particle  sedimentation  analysis.  (C)  TEM  micrographs  of  gold  nancpariides  synthesized  using  peptides. 
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comparison  of  the  total  size  population  of  nanoparticles* 
CPS  analysis  revealed  that  nan  op  articles  produced  with  the 
A3-X  peptide  had  a  monomodal  particle  size  distribution 
equivalent  to  the  parent  A3  sequence,  whereas  the  remaining 
mutant  peptides  yielded  nanoparticles  with  significantly 
larger  sizes,  dispersities  and  multimodal  distributions 
(A3  W)  (Figure  2).  Consistent  with  CPS  results,  the  TEM 
micrographs  showed  a  narrow  distribution  of  sizes  for  gold 
nanoparticles  from  the  parent  A3  and  mutant  A3*X  pep¬ 
tides  (Table  1)*  Although  beyond  these  similarities,  A3-X 
nanoparticles  differ  from  the  parent  A3  particles  by  their 
propensity  to  assemble  on  a  TEM  grid*  For  example, 
nanoparticles  synthesized  from  the  parent  A3  sequence 
exhibited  a  moderate  degree  of  ordering  and  packing,  while 
the  A3-X  particles  were  not  inclined  to  assemble.  Switch¬ 
ing  the  position  of  tyrosine  and  methionine  respectively 
within  the  base  sequence  does  not  affect  nanopartick 
characteristics,  but  invariably  changes  the  properties  of  the 
peptide  coat  on  gold  with  regard  to  ordering  of  nanopanicles 
on  a  substrate*  Alternatively,  the  single  mutation  of 
methionine  to  alanine  (A3- A),  which  featured  a  high  affinity 
for  gold,  yielded  the  smallest  sized  nanoparticles  by  TEM, 
while  the  double  proline  substitution  resulted  in  the 
largest  distribution  of  sizes  and  presence  of  non- spheroidal 
panicles.  In  the  TEM  micrograph  showing  the  nanopamdes 
synthesized  using  the  A3-P  peptide,  Ml%  of  the  particles 
contained  facets  and  various  shapes  (Figure  2).  Similar 
shape  control  has  also  been  observed  using  bio  molecules 
to  accelerate  the  nueleation  of  panicles  along  a  preferred 
direction  [2C,2!]. 

Based  on  the  results  obtained  using  the  peptide  variants, 
the  following  observations  can  be  made,  (i)  Polar  amino 
acids  such  as  serine  are  required  for  tight  binding  to  the  gold 
surface,  (ii)  polar  amino  acids  might  play  a  role  in  morpho¬ 
logy  control,  and  (iii)  amino  acid  sequence  context  is  also  an 
important  consideration. 

Conclusions 

These  peptides  represent  only  a  fraction  of  the  peptide 
sequences  identified  to  date  that  bind  to  or  can  be  used  in  the 
synthesis  of  inorganic  nano  materials.  The  bio -based  synthesis 
of  nanoparticles  provides  a  promising  route  for  fabricating 


complex  hybrid  materials*  We  have  recently  demonstrated 
the  use  of  peptides  to  synthesize  hybrid  nanoparticles  for  use 
in  catalytic  applications  [17]*  Besides  interest  in  the  synthesis 
behaviour,  the  modified  peptide  coat  also  provides  a  wealth 
of  surface  functionalities  that  can  be  exploited  for  assembling 
and  coupling  natnomatcrials  to  surfaces,  polymers,  and  also 
can  be  tailored  for  sensing  applications* 


References 

1  Kroger,  IM.,  DeuLzmann,  R.  and  Sumper,  m.  (1999)  Science  286. 
r.  29-11 3? 

2  Sh.mizu.  K.,  tha, j,  Stucky  G.D  ana  Morse,  D.E.  (1998)  Proc.  Natl  Acad. 
Sci,  U.S.A.  95,  6234-6238 

3  Bansal,  M,  Ahmad,  A.  and  Sasuy,  M.  (2QC6)  J.  Am.  them.  Sot.  128, 
14039-14066 

A  Luckai i ft,  H  R.,  Spain,  J.C.,  Naik,  R.R.  and  Stone,  M.O  (2004) 

Nat.  Biotech nol.  22,  2 ii -213 

5  Naik,  R.R.,  lomczak,  M.M.,  Lucfcarift,  H  R.,  Spain,  J.C  and  Stone,  M.O 
(2004)  them.  Common,  1684-1685 

6  Sewell,  S.l.  and  Wright,  D.W.  (2006)  Chem.  Mater.  IB,  3108-3113 

7  Paiwardhan,  S.V.,  Mukberjee,  N.,  SteiniU-Kannan,  M.  and  Clarson,  S.J. 
(2003)  Chem  Commun.  1122-1123 

8  Hawkins,  K.M.,  Wang,  S.5.-S ,  Ford,  O  M  and  Snartf/,  D.F,  (2004)  y  Am 
chem.  soc.  126,9112-9119 

9  Glawe,  D-D.,  Rodriguez,  F.,  Stone,  M.O,  and  Naik,  R.R.  (2005)  Langmuir 
21,  717*720 

10  Tcrraak,  Glawe,  D.D.,  Crummy,  L.F.,  Lawrence,  CG.r  stone,  MO., 
Perry,  C.C.,  Pochan,  D.j,,  Deming,  T.J.  and  Naik,  R.R.  (2005) 

J.  Am.  Chem.  See.  127, 12577-12582 

11  Ahmad,  G„  Dickerson,  M.3.,  Church,  B.C.,  Cai,  ¥,  Jones,  S.E.,  Naik,  R R , 
King,  j  s..  Summers,  C.j,  Kroger,  N.  and  Sandhage,  K.H.  (2006) 

AdV.  Mater  18, 1759-1763 

12  Si,  S.,  Bhattacharjee,  R.R.,  Banerjee,  A.  and  Mandal  T.K.  (2006) 

Chem  Eur.j  12, 1256-1265 

13  Bhattacharjee,  R.R.,  Das,  A.K.,  Ba:dar,  D.,  Si,  5.,  Bancrjee,  A.  and  Man  da!, 
t.k.  (2005)  j.  Nanoso.  NanolecSnol*  5,  H41-1147 

14  Slodk,  J.M.,  Naik,  R.R,,  Stone,  M.O.  and  Wright,  D.W.  (2005) 

J  Mater.  Chem.  7,  749-753 

15  Bhargava,  S.K.,  Booth,  j.M,  Agrawal,  S,H  Cotoe,  P  and  Kar,  G,  (2005) 
Langmuir  21,  5949-5956 

16  Sloe i k,  J.M,,  stone,  M.O.  ana  Naik,  R.R.  (2005)  Smail  1.  1C4S-1052 

17  Slook,  J.M.  and  Naik,  H. R,  (2006)  Adv.  Mate'  ia,  1983-T992 

IS  Braun,  R.,  Sarikaya,  M  and  Schutten,  K.  (2006)  j.  6 fc mater  Sci.  12, 

747  758 

19  IhoL,  Y.,  Chen,  w.,  itoh,  H.,  Naka,  K.,  Mi,  Q.,  Vamane,  H  and  Chujo,  Y. 
(2O0T)  Chem.  Common.  2518*2519 

20  GugJiotti,  LA,  Feldheim,  D.L.  and  Eaton,  B  E.  (2005)  J.  Am.  Chem.  Soc. 
T27, 17814-17818 

21  Paiwardhan,  S.V.,  Maheshwarr,  R.,  Mukherjee,  n.,  Krick,  K.L  and  Clarson, 
S  J  (2006)  Biomacromoiecules  7,  491-497 


Received  6  December  2C06 


4 


'■2007  Biochemical  Society 


